The self-assembled formation of ordered, vertically stacked rocksalt/wurtzite Mg x Zn 1-x O heterostructures by planar phase separation is shown. These heterostructures form quasi "natural" two-dimensional hetero-interfaces between the different phases upon annealing of MgOoversaturated wurtzite Mg x Zn 1-x O layers grown by plasma-assisted molecular beam epitaxy on cplane sapphire substrates. The optical absorption spectra show a red shift simultaneous with the appearance of a cubic phase upon annealing at temperatures between 900°C and 1000°C.
Introduction
The wurtzite-(wz-)ZnO/Mg x Zn 1-x O material system holds several advantages for application in optoelectronic devices such as the high bulk exciton binding energy of 59 meV [1, 2] which increases beyond 100 meV in quantum structures [3] [4] [5] . Furthermore, the direct band gap extends from 3.3 eV to 4.5 eV when the Mg fraction x is increased up to 0.44 [6] [7] [8] . The similar ionic radii of Zn 2+ (0.6 Å)
and Mg 2+ (0.57 Å) on tetrahedral lattice sites in wz-Mg x Zn 1-x O lead to a small increase of the a-plane lattice parameter of only 3.6 x 10 -5 per percent of incorporated MgO and hence allow the fabrication of quantum structures such as superlattices with low densities of structural defects [6, 9] .
ZnO crystallizes in the wz-structure (lattice parameters a = 3.25 Å, c = 5.21 Å) while the thermodynamically stable phase of MgO is the cubic rock salt (rs-) structure (a = 4.21 Å) [10] . Hence, alloying of wz-ZnO with rs-MgO results in mixing of wz-and rs-phases once a critical MgOconcentration is exceeded. The thermodynamic solubility limit of MgO in Mg x Zn 1-x O is less than 0.04 in bulk crystals [11] . Significantly higher values -of more than x = 0.40 -have been reported for thin films grown under non-equilibrium conditions [6] [7] [8] [12] [13] [14] . However, such wz-Mg x Zn 1-x O films with high MgO-concentrations are metastable and thus thermal annealing affects their structural and optical properties as it can cause a separation of the rs-and wz-Mg x Zn 1-x O phases on the way to equilibrium. The microscopic details of these widely recognized phase separation processes in the Mg x Zn 1-x O system have only been sparsely addressed [7, [15] [16] [17] [18] and phase separation is generally considered as a hardly controllable process which is responsible for the thermal instability of ternary compounds and results in the deterioration of the structural, optical, and electronic properties.
In this work we show that thermally induced phase separation in oversaturated wz-Mg 
Experimental details
Wurtzite-Mg x Zn 1-x O layers with a thickness between 500 nm and 700 nm were grown on c-plane sapphire substrates by PAMBE at growth temperatures of 280°C applying the growth process described in ref. [8] . Growth was initiated by deposition of a MgO/ZnO double buffer layer realized by deposition of MgO film at 500°C and a ZnO layer at 300°C, followed by an annealing step at 600°C
in vacuum [8, 19] . Wurtzite Mg x Zn 1-x O thin films were deposited at a substrate temperature of 280°C ) at ambient pressure at annealing temperatures T a between 800°C and 1000°C.
Sample characterization before and after annealing was performed by optical transmission spectroscopy, transmission electron microscopy (TEM), high resolution X-ray diffraction (HRXRD), steady-state as well as time-resolved photoluminescence spectroscopy (PL, TRPL).
For HRXTD analysis a Phillips XPert MRD diffractometer equipped with a Bartels monochromator (Cu K line) was used. Low temperature optical transmission measurements were performed in a cold finger cryostat using a PerkinElmer UV/VIS/NR Lambda 900 spectrometer after backside polishing of the sapphire substrates. Time-resolved PL experiments were performed using a 100 fs, 80 MHz repetition rate Ti:sapphire laser frequency-tripled to 4.3 eV for excitation. The sample was mounted inside a He-flow microscopy cryostat and the luminescence signal was collected in reflection geometry, dispersed in a monochromator and detected using a multichannel plate and CCD camera.
All measurements were performed at T = 10 K with the excitation density of 6x10 11 cm -2 photons per pulse.
Structural characterization was performed by transmission electron microscopy (TEM). Detection of diffraction patterns, weak beam dark field and bright field images were performed using a JEM 3010
(JEOL, Tokyo, Japan) microscope with a thermionic LaB6 cathode working at 300 kV. Scanning TEM (STEM) as well as energy dispersive X-ray (EDX) spectroscopy (detector: XFlash R 5000, Bruker, Ettlingen, Germany) was performed on an uncorrected and also on a double Cs corrected field emission gun TEM/STEM 2200FS (JEOL, Tokyo, Japan) working at 200kV. EDX spectra have been quantified using the software Esprit Version 1.9 (Bruker, Ettlingen, Germany 
Results
The effect of thermal annealing on the position of the fundamental absorption edge E opt was analyzed by optical transmission measurements according to reference [8] [20] . The resulting shift, E opt , is shown as a function of the annealing temperature in Fig. 1 . No effect on E opt was found for The inset in Fig. 1 shows that the optical absorption edge after annealing at T a = 1000°C is determined to (3.70±0.05) eV for all the samples with x 0 > 0.10 within the experimental accuracy [20] , corresponding to a Mg-fraction of (17±2)% [8, 16] . This suggests that the position of E opt after annealing is determined by the annealing temperature above a critical value for x 0 .
In order to reveal structural changes we performed HRXRD measurements on the Mg 0.40 Zn 0.60 O sample which showed the largest change in E opt . In Fig.2 , 2--scans of the as-grown sample are compared to those obtained after annealing at different temperatures between 800°C and 1000°C.
All spectra exhibit pronounced diffraction peaks related to the (00. To study the microscopic characteristics of these effects we have analyzed the Mg 0.40 Zn 0.60 O sample before and after annealing at 1000°C using TEM (Fig.4) . (Fig. 5d) . Fig.5a reveals that the thickness fluctuations of the individual layers after annealing are less pronounced for lower x 0 . As no substantial gradients of the Zn-or Mg-concentration are found (Figs.5b,d) we conclude that the resulting solid solutions yield the equilibrium concentrations for the respective annealing temperatures. Furthermore, the time scales of the involved diffusion processes are significantly shorter than the applied annealing time. The effect of the annealing process on the density of threading screw and edge dislocations in the Mg 0.40 Zn 0.60 O was analyzed by weak-beam dark-field (WBDF) TEM imaging, as shown in Fig.6 . Here, edge dislocations were highlighted using the (2-420) reflexes for imaging (Figs. 6a,b) , while screw dislocations are made visible in (000-4) WBDF images (Figs. 6c,d ). For as-grown layers, the defective MgO/ZnO-buffer layer located between the Al 2 O 3 -substrate and the as-grown wz-Mg x Zn 1-x O -layer is visible with the majority of the defects being annihilated after a few nanometers (Figs. 6a+c) .
Comparison to
Consistent with earlier reports a higher density of edge-type than screw-type dislocations is observed [8, 21, 31, 32] [7, [15] [16] [17] [18] .
Discussion
We assign the evolution of the structural and optical properties revealed in the experimental analysis to a thermally activated phase separation process in the metastable as-deposited wz-Mg x Zn 1-x O layer.
In order to independently assess the suggested mechanisms in different states we have investigated the wz-(Mg 0.30 Zn 0.70 O) sample after annealing at different temperatures by PL. As thermally activated processes proceed slower at lower annealing temperatures, the PL spectra recorded after annealing temperatures of 850°C, 900°C and 950°C represent intermediate stages of the phase separation process. As for this sample only three different layers are formed during the annealing process and as, due to the excitation wavelength of 244 nm, PL-emission of the rs-Mg x Zn 1-x O layer was not excited, a direct relation between the evolution of the PL spectra from the wz-Mg x Zn 1-x O and the evolution of the layer structure can be established and is shown in Fig.7 .
The weak blue-shift of the optical absorption edge E opt that is observed at low annealing temperatures starting at 800°C for 0.40 ≥ x 0 > 0.20 is assigned to Mg 2+ -ions moving from interstitial to substitutional lattice sites, in agreement with ref. [7] . This is independently confirmed by the blueshift in the PL-spectrum in Fig.7a . The as-grown film shows a broad emission peak centered at 3.98 eV, referring to an average MgO content of 0.31 [6, 8] , which is blue-shifted by 75 meV upon annealing at 850°C. In this line the increasing magnitude of this blue-shift of E opt and its decreasing onset temperature with increasing x 0 is attributed to an increasing initial concentration of Mginterstitials. The red-shift in E opt at higher annealing temperatures T a ≥ 850°C is caused by structural changes in the oversaturated wz-Mg x Zn 1-x O layer, i.e., the growth of the spinel layer and the formation of rs-Mg x Zn 1-x O due to the vertical phase separation process, confirmed by the decreasing onset temperature for vertical phase separation decreases with increasing x 0 .
To identify the mechanism responsible for this phase separation process, the (111)-orientation of the Mg-rich rs-Mg x Zn 1-x O phase after annealing, which is in contrast to the (001)-orientation observed in other reports [7, 15, 16] , is of importance. This orientation is attributed to the presence of the MgO/ZnO double buffer in the as-grown films and its transformation into a spinel layer upon annealing. In accordance with ref. [19] we cannot identify the spinel layer in as-grown wz-Mg 0. Table 1 and Figs.3,4) . Hence, the structural properties of the spinel layer in both samples are almost unaffected by x 0 and are determined by the properties of the buffer layer, strongly suggesting that the phase separation process is initiated at the sapphire/buffer interface. In line with these arguments, the presence of the (111) Table 1 and .7c) , which is determined to values between 0.15 and 0.18 by optical absorption and TEM-EDX analysis in accordance with refs. [15, 16] . This is corroborated by the dominance of only one PL emission peak at 3.75 eV, corresponding to a MgO-content of 18 % (Fig.7c) Mg is consumed before the content in the remaining layer reaches x wz . Further, the Mg-fractions x rs and x wz of the different layers formed during the phase separation process represent the respective equilibrium concentrations and do not depend on x 0 . Both conclusions are in agreement with the experimental results. In contrast, the latter quantities are likely to depend on T a and from the data presented in Fig.1, Fig.5 and Fig.7 it cannot be excluded that for higher annealing temperatures the saturation concentration of 4% MgO in wz-Mg x Zn 1-x O reported in ref. [11] is achieved. [14, 19] .
Conclusion
We have demonstrated the self-assembly of epitaxial rs-Mg 
